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Metabolic demand stimulates CREB signaling in the limbic 
cortex: implication for the induction of hippocampal synaptic 
plasticity by intrinsic stimulus for survival
Nelly M. Estrada† and Masako Isokawa*
Department of Biological Sciences, The University of Texas at Brownsville, Brownsville, TX, USA
Caloric restriction by fasting has been implicated to facilitate synaptic plasticity and promote 
contextual learning. However, cellular and molecular mechanisms underlying the effect of fasting 
on memory consolidation are not completely understood. We hypothesized that fasting-induced 
enhancement of synaptic plasticity was mediated by the increased signaling mediated by CREB 
(cAMP response element binding protein), an important nuclear protein and the transcription 
factor that is involved in the consolidation of memories in the hippocampus. In the in vivo rat 
model of 18 h fasting, the expression of phosphorylated CREB (pCREB) was examined using 
anti-phospho-CREB (Ser133) in cardially-perfused and cryo-sectioned rat brain specimens. 
When compared with control animals, the hippocampus exhibited up to a twofold of increase 
in pCREB expression in fasted animals. The piriform cortex, the entorhinal cortex, and the 
cortico-amygdala transitional zone also signiﬁ  cantly increased immunoreactivities to pCREB. 
In contrast, the amygdala did not show any change in the magnitude of pCREB expression in 
response to fasting. The arcuate nucleus in the medial hypothalamus, which was previously 
reported to up-regulate CREB phosphorylation during fasting of up to 48 h, was also strongly 
immunoreactive and provided a positive control in the present study. Our ﬁ  ndings demonstrate a 
metabolic demand not only stimulates cAMP-dependent signaling cascades in the hypothalamus, 
but also signals to various limbic brain regions including the hippocampus by activating the CREB 
signaling mechanism. The hippocampus is a primary brain structure for learning and memory. It 
receives hypothalamic and arcuate projections directly from the fornix. The hippocampus is also 
situated centrally for functional interactions with other limbic cortexes by establishing reciprocal 
synaptic connections. We suggest that hippocampal neurons and those in the surrounding 
limbic cortexes are intimately involved in the metabolism-dependent plasticity, which may be 
essential and necessary for successful achievement of adaptive appetitive behavior.
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When the metabolic demand increases, animals have to locate 
food by adopting various food-searching strategies, recalling 
the location of food, and remembering its availability. Learning 
the predictive cues for reward and connecting that information 
with appropriate responses require motivation-driven associative 
learning and long-term memory, which likely involves the limbic 
cortexes including the hippocampus. However, cellular mechanisms 
underlying the functional link between peripheral metabolic signal-
ing and higher neuronal functions such as synaptic plasticity and 
learning are not well understood in the limbic brain.
The goal of this project is to examine the effect of a metabolic 
demand (fasting) on the neuron activities in the hippocampus and 
the surrounding limbic cortexes. We hypothesized that fasting-
induced metabolic demand not only initiates constitutive activation 
of CREB in the hypothalamus but also signals to the limbic cor-
texes and the hippocampus through hormonal regulation or direct 
synaptic connections. Such signaling may be detected as increased 
activities of pCREB during fasting in the limbic brain. Indeed, our 
ﬁ  ndings support the above hypothesis and provide evidence that 
INTRODUCTION
The family of CREB (cAMP response element-binding protein) 
transcription factors are involved in a variety of biological processes 
including the development and plasticity of the nervous system 
(Mayr and Montminy, 2001; Pittenger et al., 2002). In order for 
CREB to be active, it needs to be phosphorylated before being 
translocated to the nucleus. Thus, identiﬁ  cation of a phosphor-
ylated form of CREB (pCREB) is a reliable assay for predicting 
the occurrence of functional plasticity, learning, and memory in 
neurons.
Feeding is a homeostatic process controlled by the hypothalamus. 
In the hypothalamus, the magnitude of the expression of pCREB 
changes depending on the metabolic demand (Sheriff et al., 1997). 
During starvation, the expression of pCREB increases in the orexi-
genic peptide-producing neurons in the arcuate nucleus (Morikawa 
et al., 2004; Shimizu-Albergine et al., 2001). The elevated expression 
of pCREB persists until feeding is initiated and metabolic balance 
is restored. This suggests that CREB is constitutively active in the 
arcuate nucleus of the hypothalamus during starvation.
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hippocampus and the limbic cortex are intimately involved in the 
metabolism-dependent plasticity. Such an intimate communication 
between the feeding center and the memory center in the brain 
might be essential and necessary for the successful establishment 
of adaptive appetitive behavior.
MATERIALS AND METHODS
IN VIVO RAT MODEL OF FASTING
Rats with the age of 21–24 day old were used in the present study. 
All protocols were approved by the IACUC in the University of 
Texas at Brownsville. The rats were fasted for 18 h. During fast-
ing, the animals were housed individually in our animal facilities 
where control rats were also housed individually. Light-dark cycle 
remained unchanged during fasting, and water was available ad lib. 
At the end of the fasting period, the animals were cardially perfused 
with 4% paraformaldehyde dissolved in 0.1 M sodium phosphate 
buffered saline (pH 7.2). At the end of the perfusion, the brains 
were removed and stored in the 4% paraformaldehyde-containing 
PBS with 30% sucrose for cryo-protection.
IMMUNOHISTOCHEMISTRY
The ﬁ  xed brains were frozen and sectioned in 40 μm thick. The cut 
brain sections were rinsed with the sodium phosphate buffer and 
treated with BSA (5%) and Triton-100× (0.2%) for 2 h. A primary 
antibody speciﬁ  c for the phosphorylated form of CREB (anti-
  phospho-CREB, Ser133, raised in the rabbit, Cell Signalling) was 
added to PBS (1:50) and the brain sections were incubated in a free-
ﬂ  oating manner in the primary antibody-containing PBS for 48 h 
at 4°C. Subsequently, the sections were rinsed and incubated with 
a biotinylated anti-rabbit secondary antibody for 2 h at room tem-
perature. At the end of the incubation, the sections were processed 
for the visualization of immunoreactive product using an ABC kit 
(Vector lab) and diaminobenzidine. Brain specimens taken from 
control rats and fasted rats were processed simultaneously using the 
same butch of solutions in order to minimize the variability in the 
visualization of immunoreactivity and DAB reaction product.
DATA ANALYSIS
Reaction products were observed using a light microscope. The 
number and location of pCREB immunoreactive neurons were 
mapped manually on the rat brain atlas (Paxinos and Watson, 1993) 
while observing the specimens using a light microscope with 10× 
and 40× objectives. The number of sampled neurons were totaled 
and divided by the number of sampled locations in a given brain 
region to obtain the average and the standard error of the mean 
of pCREB immunoreactive neurons in fasted animals and control 
animals. In addition to the manual counting of the immunoreactive 
neurons, the identical pool of the brain sections from fasted animals 
and control animals were photographed digitally using a CCD cam-
era and Scion Capture software. Optical images (37,000 μm2) were 
acquired with a 40× objective from the CA1, CA3, and dentate gyrus 
of the hippocampus, the entorhinal cortex, the piriform cortex, the 
amygdala, the amygdalo-cortical transitional zone, and the arcuate 
nucleus of the hypothalamus. Individual neurons that expressed 
pCREB immunoreactivity were selected based on the optical den-
sity and cell size (area). They were marked with ROIs. Data were 
quantiﬁ  ed and analyzed using IPLab software (BD Bioscience). 
Results were consistent between manual counting and the optical 
counting. Thus, results obtained by the optical counting are sum-
marized and shown in the present study.
RESULTS
FASTING INCREASES THE EXPRESSION OF pCREB IN THE ARCUATE 
NUCLEUS OF THE HYPOTHALAMUS
The arcuate nucleus of the hypothalamus has been reported to 
increase the expression of pCREB in response to fasting for up to 
48 h (Shimizu-Albergine et al., 2001). This increase was unique 
to the arcuate nucleus and independent of the ventromedial 
hypothalamus or the dorsomedial hypothalamus. Indeed, in spite 
of dense local synaptic connections among these subnuclei of the 
hypothalamus, neither ventromedial nor dorsomedial hypotha-
lamus was reported to show any difference in the pCREB expres-
sion between control and fast. In the present study, we sampled 
pCREB-immunoreactive neurons from the arcuate nucleus in the 
control rats (34 brain sections that contained the arcuate nucles 
in six rats) and 18 h-fasted rats (38 brain sections that contained 
the arcuate nucleus in six rats). We observed a signiﬁ  cant increase 
of pCREB expression in the arcuate nucleus in the fasted rats for 
18 h (Figure 1). When compared with control rats, the expression 
of pCREB was fourfold greater in the arcuate nucleus of the fasted 
rat hypothalamus (Figure 1E). This ﬁ  nding demonstrates that our 
rat model of 18 h-fasting successfully stimulated the hypotha-
lamic arcuate neurons and activated CREB-mediated signaling in 
response to an increased metabolic demand.
FASTING INCREASES THE EXPRESSION OF pCREB 
IN THE HIPPOCAMPUS
The arcuate nucleus sends direct ﬁ  ber connections to the hippoc-
ampus via the fornix (Conrad and Pfaff, 1976; Shen and Anderson, 
1980). Dorsal fornix projects to CA1, CA3, and dentate gyrus (DG) 
of the hippocampus and to the entorhinal cortex (Swanson, 1980). 
In return, the CA1 of the hippocampus sends ﬁ  bers bi-synaptically 
to the arcuate nucleus via the subiculum through post-commissural 
fornix (Swanson, 1980). These reports provide anatomical substrate 
for a tight functional coupling between the hypothalamic arcuate 
neurons and the hippocampal neurons as well as extrahippocampal 
limbic cortical neurons. Because we observed a robust increase in 
pCREB in the arcuate nucleus in the fasted rats, we investigated 
the expression of pCREB in the hippocampus and the surrounding 
limbic cortexes in these animals.
pCREB immunoreactive neurons were sampled in the dentate 
gyrus (DG), CA1 and CA3 of the hippocampus in control rats 
and fasted rats. One hundred and twenty-eight brain sections were 
analyzed in six fasted rats, and 93 brain sections were analyzed in 
six control rats. In control animals, pCREB expression was detected 
in all three hippocampal subﬁ  elds. The CA3 exhibited the highest 
expression of pCREB, which was three times greater than that of 
the DG and twice greater than that of CA1 (Figure 2).
The levels of pCREB expression in CA1 and DG were similar and 
also comparable with the level of expression of pCREB observed in 
the arcuate nucleus of control animals. Varying degrees of pCREB 
expression in different hippocampal subﬁ  elds suggest that each 
hippocampal subﬁ  eld has a homeostatic level of CREB activity that 
appears unique to each hippocampal region under a  physiological Estrada and Isokawa  Fasting-induced CREB signaling in the hippocampus
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in fasted animals (8.2 neurons ± 0.92 SEM), and CA1 showed a 
twofold increase in the level of pCREB expression in fasted animals 
(6.9 neurons ± 2.01 SEM) when they were compared with control 
animals. The present ﬁ  nding demonstrates that fasting does have 
an effect on the hippocampal neuron activities and increases the 
expression level of pCREB.
FASTING INCREASES THE EXPRESSION OF pCREB 
IN THE LIMBIC CORTEX
The hippocampus has intimate anatomical connections with the 
entorhinal cortex. The medial and lateral entorhinal cortex projects 
to DG in the hippocampus monosynaptically (Ohshima et al., 
2008). In return, the CA1 neurons project back to the entorhinal 
condition. Although we cannot rule out the possibility that experi-
mental methodology such as cardiac perfusion and decapitation 
could affect the expression level of pCREB (O’Callaghan and 
Sriram, 2004), our result demonstrated the presence of region-
speciﬁ  c magnitude of CREB activities in different hippocampal 
subﬁ  elds as a homeostatic response.
The activity of CREB increased in response to fasting in the 
three hippocampal subﬁ  elds of CA1, CA3, and DG (Figure 2). As 
expected, the total number of neurons that expressed pCREB within 
a deﬁ  ned unit area was highest in the CA3 (27.3 neurons ± 2.11 
SEM in 37,000 μm2), which was a fourfold of increase compared 
with the pCREB expression observed in the CA3 of control animals. 
DG showed a threefold increase in the level of pCREB expression 
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FIGURE 1 | pCREB immunoreactivity in the arcuate nucleus of the hypothalamus in control (A, B) and fasted (C, D) rats. (B) and (D) were processed without 
a primary antibody. (E) Results were quantiﬁ  ed for the mean ± SEM (standard error of the mean). Calibration: 50 μm. **p < 0.001.
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FIGURE 2 | pCREB immunoreactivity in the hippocampus. (A) Dentate gyrus. (B) CA3. (C) CA1. Photomicrographs in (A) to (C) were obtained from control, 
control without a primary antibody, fast, and fast without a primary antibody (from left to right). The graph on the right end shows a group data for control vs. fast with 
a mean ± SEM. Calibration: 50 μm (applies to all photomicrographs). **p < 0.001, *p < 0.01.Estrada and Isokawa  Fasting-induced CREB signaling in the hippocampus
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cortex via the subiculum bi-synaptically (Finch et al., 1986a). These 
connections are functionally excitatory, and thus the hippocampal 
and entorhinal neurons stimulate their target neurons mutually. In 
addition, there are reciprocal connections between the entorhinal 
cortex and the amygdala (Brothers and Finch, 1985; Finch et al., 
1986b). The amygdala also projects their neuron ﬁ  bers to the piri-
form cortex (Meurisse et al., 2009) as well as to the transition zone 
between the amygdala and the cortex (Fudge and Tucker, 2009). 
Based on these anatomical and functional evidence, we sampled 
pCREB immunoreactive neurons in the entorhinal cortex, piriform 
cortex, amygdala, and the cortico-amygdala transitional zones.
In control animals, the level of pCREB expression was detected in 
all four regions, i.e., the entorhinal cortex, piriform cortex,  cortico-
amygdala transitional zone, and the amygdala. The   magnitude 
of pCREB expression was similar among these four regions and 
averaged around 30 neurons per a deﬁ  ned unit area (Figure 3). 
Surprisingly, in control animals, the level of pCREB expression in 
all three limbic cotexes and the amygdala was higher than the level 
of expression detected in the hypothalamus and the hippocampus. 
As a matter of fact, the magnitude of pCREB expression of 30 neu-
rons per a deﬁ  ned unit area was equivalent of the expression level 
observed in the CA3 and the arcuate nucleus of the fasted animals. 
This ﬁ  nding suggests that the intrinsic level of CREB activities in 
the limbic cortex might be higher than that of the hypothalamus 
and the hippocampus.
Eighteen hours of fasting stimulated the CREB activities and 
increased the expression level of pCREB in the entorhinal cor-
tex, piriform cortex, and the amygdalo-cortical transitional zone. 
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FIGURE 3 | pCREB immunoreactivity in the limbic cortex. (A) Entorhinal 
cortex. (B) Piriform cortex. (C) Cortico-amygdala transitional zone. (D) Amygdala. 
Photomicrographs in (A)–(D) were obtained from control, control without a 
primary antibody, fast, and fast without a primary antibody (from left to right). 
The graphs on the right end show a group data for control vs. fast with a 
mean ± SEM. Calibration: 50 μm (applies to all photomicrographs). *p < 0.01.Estrada and Isokawa  Fasting-induced CREB signaling in the hippocampus
Frontiers in Systems Neuroscience  www.frontiersin.org  June  2009 | Volume  3 | Article  5 | 5
The entorhinal cortex increased pCREB expression by 60% in 
response to fasting. The piriform cortex increased pCREB expres-
sion by 89%, and the amygdalo-cortical transitional zone increased 
pCREB expression by 38%. These ﬁ  ndings demonstrate that both 
entorhinal and piriform cortexes do respond to an increased meta-
bolic demand by stimulating CREB activities. On the other hand, 
the amygdala did not show any increase of pCREB expression in 
response to fasting (Figure 3). The average number of neurons that 
were pCREB immunoreactive remained near 30 in control and fast. 
There must be a cellular mechanism that may block excitatory com-
munication from the limbic cortex to the amygdala. A candidate 
zone that might be responsible for this blockage could be the tran-
sitional zone, as the amygdalo-cortical transitional zone increased 
the level of pCREB expression by only 38% in the fasted animals, 
which was a half of those observed in the entorhinal cortex and the 
piriform cortex. There is a report to show that the hippocampus 
sends an inhibitory synaptic connection to the amygdala (Mello 
et al., 1992). Thus, increased activities of neurons and pCREB in 
the hippocampus in response to fasting might in turn inhibited the 
activities of the amygdala neurons leading to the lack of changes in 
the pCREB expression. These ﬁ  ndings suggest that synaptic con-
nections and their functional interactions could play an important 
role in the expression of pCREB in the hippocampal and limbic 
cortexes in response to fasting. Of course, we cannot rule out the 
possibility that metabolic hormones exerted a direct effect on the 
induction of CREB activities in each brain region independently as 
we proposed this possibility later in Section ‘Discussion’.
DISCUSSION
The present study demonstrated that (1) major limbic cortexes of 
the rat brain, the hippocampus, the entorhinal cortex, the piriform 
cortex, and the amygdalo-cortical zone, responded to an increased 
metabolic demand (18 h of fasting) by stimulating the activity of 
CREB thus increasing the expression level of pCREB; (2) the mag-
nitude of increase in the pCREB expression in response to increased 
metabolic demand varied among the limbic cortexes; and (3) an 
intrinsic level of CREB activities, measured by the expression level 
of pCREB in control animals, also varied among different limbic 
cortexes exhibiting a structure-speciﬁ  c level of CREB homeostasis. 
Together these data suggest that a homeostatic level of CREB activ-
ity and the responsiveness of CREB to increased metabolic demand 
are unique in each different limbic brain structure.
Our ﬁ  nding of a neuroanatomically differentiated pattern of 
CREB activation in the limbic brain indicated that there was a 
varying magnitude of cross talk between brain areas involved in 
cognitive, motivational, and metabolic-regulatory functions during 
fasting. This suggests that natural reward such as food may have dif-
ferential effects on the activation of cAMP signaling pathways in each 
region of the limbic brain. A similar observation for a region-speciﬁ  c 
up-regulation of pCREB expression was reported in response to the 
administration of antidepressant (Thome et al., 2000).
cAMP cascade is reported to be integrally involved in the cellular 
adaptations underlying learning and memory in the hippocampus 
(Abel et al., 1997). The present ﬁ  ndings demonstrate that this sig-
naling cascade is apparently involved in the process of procuring 
sufﬁ  cient energy. The present ﬁ  ndings also suggest the importance 
for understanding how metabolic need may be translated into 
  neuronal activities that involve cognitive and motivational brain 
areas. Constitutively active CREB protein was reported to facilitate 
the late phase of long-term potentiation, the best-characterized can-
didate mechanisms for many forms of experience-dependent plastic-
ity, learning, and memory (Barco et al., 2002). Thus, the contribution 
of metabolic demand-induced pCREB expression may be to provide 
an increased basal level of CREB activity that may act favorably to 
amplify gene expression induced by a speciﬁ  c form of learning.
Peripheral metabolic demand releases hormones such as ghrelin. 
Circulating ghrelin was reported to enhance long-term potentia-
tion and spatial learning in the hippocampus (Diano et al., 2006; 
Moran and Gao, 2006). Fasting facilitated the rate of ghrelin cross-
ing the blood brain barrier (Banks et al., 2008). There is a high 
level of ghrelin receptor expressed in the hippocampus (Harrold 
et al., 2008). Thus, ghrelin could be a candidate molecule to acti-
vate CREB signaling in the hippocampus during fasting. However, 
the remaining limbic cortexes do not show an appreciable level 
of ghrelin receptors even if they expressed a high level of pCREB 
expression in response to fasting. This suggests that neuronal activi-
ties in various limbic regions during fasting may not be explained 
by single hormonal regulation. Interestingly, we did not observe 
any change in the expression of pCREB in the amygdala in fasted 
animals. The amydala does not express a signiﬁ  cant level of ghrelin 
receptor. There is a report to show that ghrelin did not have any 
effect on food intake when it was injected directly to the amygdala 
(Carlini et al., 2004). Accordingly, ghrelin may not be the molecule 
that stimulates the expression of pCREB in the amygdala. However, 
it should be noted that, when ghrelin was administered intrave-
nously to human subjects, a visual cue for food (food pictures) 
stimulated the activity of the amygdala (Malik et al., 2008). Visual 
food cues can trigger hedonic feeding independent of homeostatic 
feeding. Together these evidence suggest the likely-involvement of 
complexly-interwoven hormonal and non-hormonal metabolic 
signals in the CREB activation in various limbic cortexes during 
fasting. It may be premature to propose any single molecule or 
hormone that can explain an increased expression of pCREB in 
response to metabolic demand throughout all limbic regions that 
we investigated as a neuronal system.
In conclusion, we demonstrated that CREB activation occurred 
in response to fasting not only in the arcuate nucleus of the hypoth-
alamus but also in several representative limbic cortexes includ-
ing the hippocampus. The challenge now is to identify the target 
genes that are inﬂ  uenced by the CREB activation in response to 
metabolic demand in these different limbic cortexes. Another chal-
lenge is to identify the potential molecules that are responsible 
to activate CREB signaling pathways during fasting in the limbic 
cortexes including the hippocampus. The result of the present study, 
in combination with the future approach, should provide a fuller 
understanding of the role of CREB in the integrative neuronal 
control in metabolic efﬁ  ciency.
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